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In Brief
Boubakar et al. report that morphological polarity of progenitors is inherited by newborn sensory neurons. Septin 7 labels the initial sites of progenitor processes during mitotic rounding and allows daughter neurons to protrude neurites from the same positions.
INTRODUCTION
Mature neurons are highly polarized cells at morphological, functional, and molecular levels. In the developing nervous system, neurons generally generate two types of processes: the axon and dendrites. Early studies in vitro suggested that axo-dendritic polarity is established after the neurons have broken their symmetry by generating neuritic extensions (Dotti et al., 1988; Namba et al., 2015) . Although still popular, this view has been challenged by observations, both in vitro and in vivo, which suggested that early polarization events already influence neurite initiation (Calderon de Anda et al., 2008; G€ artner et al., 2012; Morgan et al., 2006; Namba et al., 2015; Pollarolo et al., 2011; Zolessi et al., 2006) . However, the links between early polarity and axon formation appear complex and context dependent.
Indeed, recent developments in live imaging revealed a diversity of polarity programs, with different neuronal subtypes undergoing stereotypical, but distinct, developmental sequences. For example, post-mitotic neurons can grow processes de novo but also directly inherit them from earlier steps of cell division and migration (Adler et al., 2006; Morgan et al., 2006; Namba et al., 2015; Pollarolo et al., 2011; Sakakibara and Hatanaka, 2015; Zolessi et al., 2006) . Thus, the acquisition of neuron polarity is still poorly understood, and how neurite formation is inscribed in the history of the cell lineage certainly differs between neuronal sub-types and relies on a variety of underlying mechanisms.
The generation of the sensory neurons of the dorsal root ganglia (DRG) offers a unique context to study the transmission of polarity features. DRG sensory neurons originate from neural crest cells (NCCs), which have been generated from bipolar progenitors of the dorsal neural tube. NCCs undergo an epitheliomesenchymal transition and migrate to form peripheral ganglia. Some NCCs additionally divide in situ to give birth to neurons while other NCCs differentiate directly (Ahlstrom and Erickson, 2009; Duband et al., 2015; George et al., 2010; Wakamatsu et al., 2000) . DRG sensory neurons also have a bipolar morphology, extending no dendrites but two axons that will later fuse to form a typical, unique, T-shaped axon. It is composed of one branch that forms sensory terminals in the periphery and another that forms synapses in the spinal cord (Wentworth, 1984) . Although both branches have axonal characteristics (Van der Zee et al., 1989) , they exhibit functional, morphological, and molecular differences (García-Añ overos et al., 2001; Katano et al., 2006) .
In the present study, we set up live imaging of chick embryo slices to monitor, for the first time, the polarity program of DRG sensory neurons from cell division in situ to neurite extension. Our analysis revealed that NCCs undergo dynamic morphological changes, transitioning to non-polarized states before giving rise to neurons with bipolar morphology. We found that NCCs set landmarks of their polarity during their morphological transitions and that these identify the positions of the original bipolar processes in their soma and restore them in the post-mitotic neuron undergoing differentiation. Furthermore, we found that Septins, a family of proteins known in yeast to position the budding site relative to the mother birthmark, contribute to this process and are necessary for NCCs to undergo a proper neuronal polarity program.
RESULTS

NCCs Undergo Morphological Transitions to Give Rise to Bipolar DRG Sensory Neurons
To understand how DRG sensory neurons acquire their polarity, we investigated the different morphological stages NCCs traverse during DRG development. We performed in ovo neural tube electroporation at E2, to generate a mosaic GFP expression in NCC progenitors and their progeny and allow visualization of their morphologies. 48 hr post-electroporation, many cells were bipolar (54.1% ± 3.7%, n = 11 embryos), with two long processes at opposite ventral and dorsal poles (Figures 1A, 1C, and 1D) . At an earlier stage, 24 hr post-electroporation, only a small fraction of GFP + cells (11.3% ± 1.4%, n = 11 embryos) had extended neurites, in a number rarely higher than two per cell, suggesting that neurite number is controlled from the onset (Figures 1B and 1D) . Half of immature NCCs (having no process long enough to be considered a neurite; two soma long) were bipolar, suggesting that bipolar shape acquisition precedes neurite elongation ( Figures 1E and 1F ) (51.9% ± 1.9%, n = 12 embryos). The remaining fraction of NCCs was not polarized (48.1%), having only small protrusions or multiple processes (Figures 1E and 1F) . Thus, NCCs remodel their morphology and extend from the onset appropriate numbers of neurites from appropriate positions in the soma. Further conclusions were limited in fixed tissues due to variable maturity of cells, which results from asynchronous waves of NCC migration and in situ divisions. Therefore, we performed live imaging and set up HH21 (E3) embryo slice cultures, under conditions that preserve epithelial architecture and tissue viability (see STAR Methods), to monitor the dynamics of the cell morphologies in the nascent ganglia ( Figure 1G ). We filmed sequences of morphological transitions made by GFP + NCCs that directly differentiated or divided to give rise to DRG neurons that had bipolar morphology and two neurites (n = 20 cells). We first analyzed sequences of DRG neuron polarization from the non-dividing NCCs population (n = 12 cells). These cells had two major morphological aspects: about half of the NCCs were un-polarized (n = 7 cells), with the remaining being bipolar (n = 5 cells). Bipolar NCCs all gave rise to bipolar neurons, with morphological transitions during which most of them (83%) conserved the axis of their polarity. The un-polarized NCC pool rapidly acquired a bipolar axis, and all these cells underwent various morphological transitions to become bipolar neurons ( Figure 1H ; Movie S1).
Dividing NCCs Transmit Their Initial Bipolar Shape to Their Daughter Neurons
Due to the lack of synchrony of NCC migration and differentiation, which prevents the comparison of NCCs at equivalent morphological stages, we were unable to establish whether NCCs follow a stereotypical temporal sequence of morphological transitions. Therefore, we concentrated on the subpopulation of dividing NCCs that give rise to neurons. We observed that these cells do indeed follow a highly stereotyped sequence of morphological remodeling when they undergo division. NCCs having two short visible processes rounded for division, giving rise to post-mitotic cells that then re-acquired a bipolar shape, extending two processes from the same sites where NCC processes were located prior to division ( Figure 1I ; Movie S2) (n = 5 cells). To further examine whether this was indeed the case, we analyzed an additional series of 29 dividing NCCs. In the vast majority of them (75.9%), we found a strict matching of neuronal and progenitor process emergence sites ( Figure 1J ). Thus, in their native environment, DRG neurons born from NCC divisions acquire a bipolar morphology by inheriting their site of neurite initiation from dividing NCCs through a sequence of morphological transitions, which includes a morphologically un-polarized state during division. This suggested that the initial bipolar morphology of NCCs had been memorized during the morphological transitions and transmitted to the daughter cells. In vitro experiments from E4 embryos also supported the existence of such shape memory. We found that in short-term cultures, DRG neurons induced to lose their polarity by tissue dissociation became directly bipolar, indicating that the bipolar shape can be recovered from a preceding un-polarized state ( Figure 1K ). (G) Morphology of GFP+ cells in the DRG from embryo slices at T0 (left) and after 9 hr (right) of recording. Note that the structure of the DRG is maintained and that cells formed neurites. (H) Time-lapse sequence of a non-dividing NCC (green asterisk) undergoing morphological transition from protrusive to bipolar morphology. Arrowheads point to the neurites. (I) Time-lapse sequence showing the morphological transition leading to bipolar neurons after cell division. Daughter cell processes formed at positions matching that of the progenitor processes. (J) Time-lapse sequence illustrating process location inheritance after cell division. Right panel shows the overlay of cell outlines before (red) and after (green) cell division to emphasize the similarity between mother and daughter processes (green arrowheads). (K) Neurofilament labeling of dissociated DRG neurons showing that they re-acquire their bipolar morphology in culture. Scale bars, 10 mm (A-C and E-J), 20 mm (K). Error bars represent SEM.
The Yeast Budding Site Selection Septin Genes Are Expressed in the DRG Sensory NCC Lineage One possible mechanism allowing DRG neurons to inherit a bipolar morphology and neurite location from initially bipolar NCCs progenitors, despite traversing an un-polarized state, is that a molecular polarity is maintained over time. To address this possibility, we made an educated guess and considered that yeast budding was a context sharing similarities with neuron polarization. During the cell cycle, budding yeast polarizes to grow a bud (daughter cell) at a specific location. In haploid cells, the bud forms next to the birthmark, the site where the cell was attached to its mother (Bi and Park, 2012; Casamayor and Snyder, 2002) (Figure 2A ). The gene module controlling budding site selection has been well described and includes Septins, which mark the future bud position and are required for correct bud placement (Cid et al., 2001; Flescher et al., 1993) . Septins are a well-conserved family of GTPase proteins that polymerize to form a scaffold and diffusion barrier (Hall and Russell, 2012; Pan et al., 2007) . First, we measured expression of Septins at the time of DRG neuron polarization. We could detect members of the different subfamilies in HH24 (E4) DRG ganglia using 3, 5, 7, and 11) and western blotting (Septins 2, 6, and 7) ( Figures 2B-2D ). Since most of the active oligomers are heteromers, usually containing at least one Septin monomer of the sub-family 2, 6, and 7, this confirmed that active Septin oligomers could form in DRG neurons. In agreement with this, immunolabeling of Septin 7, the mandatory component of Septin oligomers, demonstrated the presence of small clusters and filaments in the soma and neurites of dissociated DRG neurons 1 hr after plating. Septin 7 filaments were present in both neurites and formed chevron-like structures at the bases of the filopodia, as has been observed previously in more mature neurons (Hu et al., 2012) (Figure 2E ). Interestingly, in cells having no morphological polarity, Septin 7 clusters were often enriched on one side, forming a mark in 65% of the cells analyzed (n = 26 cells) ( Figure 2F ). Thus, Septin oligomers are present from the onset of DRG neuron polarization and are asymmetrically distributed in the majority of round cells.
Septins Tag the Position of Processes in NCC Progenitors during Division for Their Re-initiation by the Daughter Neurons
To test whether Septins can identify and maintain the positions of progenitor process during mitotic rounding, we investigated the dynamics of Septin7-GFP (Sept7-GFP) by video microscopy. Fluorescently tagged Septins have been used to report Septin distributions in various contexts, including in neurons (Hu et al., 2012) . Multiple variants with different tissue distributions have been found for many Septin genes, including Septin 7 (Hall and Russell, 2012) . We fused GFP to the most frequent variant of Septin 7 found in DRG from HH25 chick embryos. To limit overexpression artifacts, we electroporated embryos with a low amount of an integrative plasmid encoding Sept7-GFP. We confirmed, in dissociated DRG neuronal cultures, that the distribution of Sept7-GFP was similar to that of immunolabeled endogenous Septin 7. Next, we performed live imaging of slices prepared from embryos electroporated with Sept7-GFP, RFP, and HB2iRFP (DNA marker) to monitor cell morphology and Septin 7 localization.
Live monitoring revealed remarkably stereotypic dynamics of Septin 7 (n = 11 cells). Septin 7 was present in the progenitor processes and soma before division. As mitotic rounding proceeded, Septin 7 accumulated at the sites where the processes have retracted. During the telophase, the first processes regrew from the retraction sites where Septin 7 had accumulated just before. At the end of the telophase, Septin 7 re-localized to the midbody. However, part of the Septin 7 labeling was found in the first processes that continued to extend (Figures 3A and 3B; Movies S3 and S4) . Septin 7 midbody accumulation usually remained until the second process sprouted from each daughter cell at or adjacent to the abscission site (Movies S3 and S4).
To further support that Septins could contribute to store morphological features during mitotic rounding, we quantified the Sept7-GFP signal at the cell cortex of round dividing cells and process location just after (n = 7 cells, 11 processes). This analysis confirmed the spatial correlation between Septin 7 accumulation and process initiation site. Indeed, Septin 7 intensity peaked where processes emerged, being 3-fold higher in the protruding region compared to the cortical area surrounding the process (mean fluorescence in process = 63.15% of maximal intensity, mean fluorescence baseline = 21.86% of maximal intensity, p = 2.835EÀ6, Figures 3C and 3D ). Thus, in NCCs undergoing division in situ, Septin 7 labels the location of the two progenitor processes that retract during the transition from bipolar to un-polarized (round) morphological states and from which emerge the neurites of newborn neurons. This supported the hypothesis that Septins provide a molecular memory of previous morphological polarity features.
Septins Locate at the Incipient Processes In Vivo and
In Vitro Since Septin 7 marks disappeared as processes formed, we investigated their dynamics further to establish whether their properties might be consistent with a direct contribution to process formation. Although the mark disappeared during telophase, we observed that it could remain during the early stages of process protrusion in vivo ( Figure 3E ; Movie S4). In addition, Septin 7-positive structures were detected in protrusions and processes after cell division (Figures 3A and 3B) .
Since endogenous Septin 7 frequently accumulated at the base of nascent processes in protrusive cells in vitro ( Figure S1A ), we performed live imaging on neurons undergoing polarization. Septin 7 redistributed and accumulated where protrusions formed ( Figures 3F and 3G ). Strikingly, for 74.31% ± 6.22% of the processes that formed during the recordings, Septin 7 was found to be enriched at the sites where neurites emerged from the soma (n = 25 cells) (Figures 3F and 3G; Figure S1B and S1C; Movies S5, S6, and S7). These accumulations often split into two marks at the base of the emerging process and later disappeared as the process grew. In agreement with our in vitro observations, we found that, in vivo, Septin 7 transiently clustered at the sites where processes were initiated in 81.8% ± 4.4% of the cases (n = 20 cells) ( Figure S1D ; Movie S8). Thus, Septin 7 is in the right place at the right time to contribute to the early steps of process formation. Furthermore, this supports the hypothesis that Septin accumulations, which form during mitotic rounding, could store polarity features to support process reformation by daughter cells.
Interfering with Septin Organization Alters the Morphological Transitions of NCCs in the DRG
Functional analysis of Septins has been hampered by their redundancy and the stability of the oligomers. Thus, we chose a dominant negative (DN) approach that interferes directly with Septin oligomers (Sheffield et al., 2003) , concomitantly blocking the function of several Septins to assess the consequences of Septin inhibition. The short Septin-binding domain of Borg3 fused to the GFP (DN) blocks Septin functions in several contexts , unlike the construct that has mutations in the Septin-binding domain that prevent Septin binding (control) . We electroporated DN and control vectors into the neural tube of HH14 embryos. 24 hr after in ovo electroporation, both control and DN were found to be strongly expressed in the dorsal spinal cord, where bipolar progenitors of NCCs reside and from where NCCs delaminate, and in the nascent DRG. Co-immunoprecipitation experiments on electroporated embryos confirmed that the DN interacts with at least Septin 7 and Septin 2 in the chick neural tube ( Figure 4A ). We observed that the DN perturbed Septin organization in electroporated cells, inducing the formation of abnormally long and thick filaments already present 12 hr after electroporation (Figures 4B and 4C) . In the DRG, Septin filaments were often spiraled, and in dividing cells, Septin 7 accumulated at the mitotic spindle ( Figure 4B , right). Thus, the DN rapidly impairs Septins in the developing chick nervous system. Next, we examined whether blocking Septin functions impacts on NCCs and DRG neuron polarity. In fixed embryos, we observed that DN + cells rarely formed neurites in contrast to control + cells, which formed neurites in normal proportions (control: 8.9% ± 1.14%, n = 18 embryos; DN: 1.1% ± 0.5%, n = 23 embryos; p = 2.62EÀ7) ( Figures 4D and 4E ). In addition, the DN also affected immature cells, reducing the proportion with bipolar morphology while increasing the proportion of un-polarized protrusive cells and cells with multiple processes, compared to the control (control: 51.9% ± 1.9%, n = 12 embryos; DN: 21.6% ± 2%, n = 17 embryos; p = 6.937EÀ6) ( Figure 4F ). To confirm our findings, we used a second approach to interfere with Septin functions. We chose to target Septin 7 with small interfering RNA (siRNAs) because the DN interferes with its distribution and contrary to other Septins, Septin 7 loss of function is not compensated (Kaplan et al., 2017) . Using fluorescence-activated cell sorting (FACS) analyses, we found two custom siRNAs that efficiently knock down Septin 7 when transfected in B103 neuron-like cells stably expressing chick Sept7-GFP (Figures 4G and 4H) (siRNA #1: 38.67% of depletion at 24 hr, 51.56% of depletion at 48 hr; siRNA #2: 50.23% of depletion at 24 hr, 67.91% of depletion at 48 hr, triplicate experiment, p < 0.00001 for each experiment, time point and siRNA). Endogenous Septin 7 expression was also consistently decreased in the spinal cord 24 hr after electroporation of Septin 7 siRNAs ( Figure 4I ). Thus, siRNAs were co-electroporated with Tomato-encoding plasmid to enable morphological characterization of siRNA-expressing cells in the DRG. We found that Septin 7 knockdown resulted in a decrease in the proportion of neurite-bearing cells (3-fold for siRNA #1 and 1.7-fold for siRNA #2). For both of the siRNAs, the proportion of immature cells that exhibited a bipolar morphology also decreased ( Figures 4J-4L ). These alterations,
which were observed for both tested siRNAs, fully recapitulated our findings using DN approach. We next checked whether altering Septin functions was impacting cell morphology indirectly by influencing cell survival. TUNEL assays that label dying cells in sections from control and DN electroporated embryos, 24 hr post-electroporation, showed similar levels of cell death in both conditions in both the spinal cord, where NCCs progenitors are localized, and in the DRG (control: 3 ± 0.7 [spinal cord] and 1.1 ± 0.4 [DRG] cells/sections, n = 8 embryos; DN: 3.2 ± 0.8 and 1.7 ± 0.4 cells/sections, n = 9 embryos) ( Figures 5A and 5B ). This excludes that degeneration and apoptosis induction by the DN causes the change in proportion of neurite bearing cells.
Abnormal neuronal polarization could also result from defects in neuron fate determination after cell division. The homeobox transcription factor, Islet1 is expressed rapidly by all sensory neurons after they become post-mitotic (Cui and Goldstein, 2000) to control key aspects of sensory neuron differentiation, including the genetic program of axon extension (Dykes et al., 2011) . We found that the percentage of Islet1 + cells in control and DN electroporated cells were not different (control: 43.5% ± 5%, 10 embryos; DN: 36.5% ± 5.1%, 14 embryos) ( Figures 5C and 5D ). Thus, the altered polarity is unlikely to result from defective neuronal specification. Analysis of GFP + /Islet + cell morphologies confirmed that specified neurons failed to polarize properly. The percentage of bipolar neurons decreased from 23.7% ± 4.6% to 3.7% ± 1.7% in control and the DN conditions, respectively (control: 10 embryos; DN: 14 embryos; p = 0.000377) ( Figures  5E and 5F ). In addition, the proportion of immature cells with bipolar morphology was also significantly reduced in the DN-transfected compared with control (control: 68% ± 4.5%, 10 embryos; DN: 27.9% ± 6.7%, 14 embryos; p = 0.000435) (Figures 5G and 5H) . Instead, DN-transfected/Islet + neurons exhibited morphologies that were rarely observed in controls, some having a round aspect (18% of the DN-transfected neurons), others extending many small processes (26% of the DN-transfected neurons) . This supported that Septins make a direct contribution to DRG neuron polarization.
Septin Function Is Required for Inheritance of NCC Morphological Polarity by Daughter Neurons
We next performed live imaging in embryo slices 24 hr after electroporation. Movie analysis confirmed that DN-transfected NCCs, although alive, failed to give rise to DRG neurons with bipolar morphology and neurites ( Figure 6A ) (n = 163, 0%), while control NCCs did (n = 167, 17%). Non-dividing DN-transfected cells were highly protrusive, growing filopodia and lamellipodia but unable to undergo the transition toward bipolar morphology ( Figure 6B ; Movie S9). Dividing DN-transfected NCC progenitors also retained protrusive activity, rounding and giving rise to two daughter cells that recovered a protrusive activity, but failed to acquire bipolar morphology in 100% of the cases (n = 14 cells).
To determine whether daughter cells inherited protrusive sites from NCCs progenitors, we mapped the sites of the longest protrusions before and after division. Remarkably, in the control condition, daughter cells generated protrusions that generally emerged from the retraction sites of the short protrusions of mother progenitors before mitosis. Strikingly, the percentage of protrusions that regrew from the same position after the division was decreased by 1.6-fold in DN-transfected cells compared with control (control: 70.59%, n = 51 protrusions; DN: 41.46%, n = 41 protrusions; p = 0.005). This revealed the existence of a coupling between pre-and post-division bipolar process localization, which is impaired when Septin functions are disrupted (Figures 6C and 6D ; Movie S10). We further analyzed progenitor divisions and found that the duration of mitoses was increased 1.6-fold in the DN-transfected cells, compared with control (control: 21.8 ± 0.89 min, n = 99 cells; DN: 36.1 ± 6.35 min, n = 62 cells; p = 0.0001) (Figures 6E and 6F) . To distinguish between polarity and division defects, we characterized the morphological transitions of NCCs having altered and unaltered mitosis durations separately. Interestingly, we found that the percentage of inheritance was equally reduced in DN-transfected NCCs, whatever the mitosis duration (Figure 6G) (control: 70.59%, n = 51 protrusions; DN [normal duration]: 40%, n = 20 protrusions, p = 0.0169; DN [increased duration]: 42.86%, n = 21 protrusions; p = 0.0272). This supported that changes of mitosis kinetics did not cause the alteration in the transmission of polarity features. Since cytokinesis generates a polarity that can be reused for process initiation (Pollarolo et al., 2011) , we examined the coupling between division axis and process polarity inheritance. In the control NCCs, the division axis was orthogonal to the mother cell long axis, according to Hertwig's rule, with bipolar processes emerging perpendicularly to the division axis (86.21%, n = 29 cells) ( Figure 6H ). In contrast in the DN condition, a significant proportion of NCCs (63.15%, 12 cells) did not follow the rule; their division axis was not perpendicular to the mother cell long axis. Notably, in DNtransfected NCCs that divided with an abnormal division axis, the correlation between process initiation position and division axis was also significantly decreased to 41.67% (n = 12 cells). Thus, the polarity mechanisms defining the division axis and the bipolar process axis inheritance were uncoupled, supporting that Septin-mediated shape memory ensures the transmission of the bipolar morphology from the progenitor to the daughter cells.
Septins Memorize Bipolar Process Localization in DRG Neurons
Next, we took an in vitro approach to further assess the Septin-mediated cell shape memory. We first examined whether blocking Septins prevents DRG neurons from re-acquiring a bipolar morphology after an intermediate un-polarized state. We introduced forchlofenuron (FCF) to DRG cultures to inhibit Septin function acutely (Hu et al., 2008; Kim et al., 2010) . We controlled that neuronal fates were not affected by FCF as indicated by the percentage of Islet + cells (control: 84.4%; FCF: 82.4%). We found that 6 hr after plating, 100 mM of FCF decreased the proportion of cells acquiring bipolar morphology by almost 15-fold, compared with control (control: 24.22% ± 1.52%, n = 9,073 cells; FCF: 1.69% ± 0.56%, n = 9,579; p = 2.48EÀ7). Concomitantly, FCF treatment significantly increased the fraction of un-polarized round cells (Figures 7A and 7B) . As observed for the DN, FCF-treated cells exhibited thick and swirled Septin 7 filaments ( Figure 7C ). Thus, when forced to round, DRG neurons with impaired Septin functions failed to restore their initial polarity. Second, we tested whether transient alteration of Septins impairs DRG cell recovery of bipolar morphology, which is expected if Septins mediate bipolar shape memory. We treated dissociated DRG neurons with FCF for 3 hr, washed the drug, cultured the neurons for 3 hr more, and analyzed their morphology ( Figure 7D ). We observed that DRG neurons recovered their ability to grow processes, since the percentage of DRG cells having a process at least twice as long as their soma after 3 hr was comparable under transient FCF exposure and untreated control condition ( Figure 7E ) (control: 10.24% ± 2.30%; FCF+recovery: 11.33% ± 2.47%, p = 0.662, Mann-Whitney). However, the proportion of DRG cells, which recovered bipolar morphology, was significantly decreased after transient Septin inhibition, with proportion of multipolar cells that was significantly increased ( Figure 7E ) (control: 19.85% ± 2.74%; FCF+recovery: 36.82% ± 2.41%, p = 0.0043, Mann-Whitney). Thus, transient Septin inhibition impairs the normal sequence of morphological transitions, further supporting the role of Septins in storing the cell shape.
Third, to bring further demonstration, we set up an in vitro experimental paradigm coupled to live imaging. We recorded the morphological remodeling of bipolar DRG neurons that were first induced to round and second allowed to regrow processes under control and FCF-mediated Septin inhibition. To induce a sequence of cell rounding and re-polarization, we took advantage of transient Nocodazole treatment, as done for neuroblastoma cells (Solomon, 1980) . Time-lapse analysis showed that application of Nocodazole on DRG neurons induced neurite retraction and cell rounding ( Figure 7F ). After Nocodazole removal, we found that DRG neurons reformed processes that emerged in 74% of the cases from the exact site of the retracted process (n = 39 protrusions) ( Figure 7F ; Movies S11 and S12). In sharp contrast, Septin inhibition resulted in a drop of this proportion to 27%, a majority of cells rather re-growing processes emerging outside the retracted process sites (n = 37 protrusions), (Figures 7F and 7G ; Movies S13 and S14). Thus, in absence of functional Septins, DRG neurons fail to reconstitute their bipolar processes at the same position as they were before the polarity loss. Next, we examined whether interfering with endogenous Septin organization in DRG neurons by overexpression of Septin7-GFP impacted on their shape memory mechanism. We observed that Septin overexpression induced the formation of multiple accumulations of Septins, thus outcompeting the local accumulations of Septins in DRG neurons, and that these neurons were more likely to adopt a multipolar morphology (non-transfected: 13.91% ± 1.94%; Sept7-GFP: 32.44% ± 4.74%, p = 0.0086, Mann-Whitney) ( Figure 7H and 7I) . This further confirmed that proper spatial arrangement of Septins is required for DRG neurons to maintain their bipolar morphology potential.
Septins Also Regulate the Polarity Program of Cortical Neurons
Lastly, we investigated whether Septins also contribute to the polarity of other cell types. We took advantage of the well-established in vitro polarization program of cortical neurons and examined the impact of FCF-mediated Septin inhibition on cortical cell morphology. In culture, round neurons first extend lamellipodia (stage I) before forming several short neurites of similar length (stage II) to finally acquire a polarity with a single long neurite and several minor ones ( Figure S2A ) (Barnes and Polleux, 2009; Honda et al., 2017) . We first observed that Septin 7 is expressed in dissociated cortical neurons (TujI-positive cells). In stage II and III neurons Septin 7 localized to the soma and the processes ( Figure S2B ). Consistent with a faster polarization of cortical cells grown on laminin substratum , we found that 24 hr after plating, two-thirds of dissociated embryonic day 12.5 (E12.5) neurons have started to grow processes, and among them, one-third could be considered as polarized (stage III). We found that Septin inhibition significantly impaired the transition from stage I to stage II in a dosedependent manner (control: 33.4% ± 3.15%; FCF(100 mM): 66.5% ± 3.85%, FCF (200 mM): 94.7% ± 0.78%, control versus FCF(100 mM): p = 0.00066, control versus FCF(200 mM): p = 0.00025, Mann-Whitney) ( Figures S2C and S2D) . Thus, Septins appear required for the polarity of cortical neurons. Next, we performed recovery experiments to test whether Septins perturbation during early phases of cortical neuron differentiation impairs their polarization program. We observed that after FCF removal, cortical cells could recover their ability to extend neurites and could also transit normally from stage I to II (Figures S2C and S2D) . Moreover, we found that transient (24 hr) Septin inhibition did not prevent cortical neurons to achieve stage III transition, as normally as they do in untreated condition ( Figures S2C and S2D) . Thus, in contrast to DRG neurons, transient Septin inhibition did not alter the ability of cells to recover their polarity program.
DISCUSSION
In this study, we characterized, for the first time, the neuronal polarity program of vertebrate DRG sensory neurons. We show that these neurons inherit their typical bipolar morphology from earlier stages. Their precursors, the NCCs, arising from initial bipolar progenitors of the dorsal edge of the neural tube, undergo a series of morphological transitions, losing their initial polarity during migration and additional cell divisions. Our data support the existence of a molecular polarity that conserves morphological polarity features over time to allow inheritance of a similar polarity by daughter neurons. Septin dynamics imprints the sites of previous processes during the morphological NCCs transitions for their reformation by the differentiating neurons. Interfering with Septins resulted in alteration of the transmission of mother cell morphological polarity to their daughters, supporting that Septins make a key contribution to this cell shape memory.
Morphological Memory of Cell Polarity from Cell Division to Neuron Differentiation
Neurite formation is one stage of a developmental sequence that builds neuron morphology. In vivo monitoring of neurons from their generation to the formation of their neurites has started to shed light on how neurite formation relates to earlier stages of the neuron's history. Evidence emerged that neurites can develop from processes formed earlier by progenitors or migrating neurons, supporting the idea that neuronal polarity can be inherited from stages preceding neuron differentiation. In retinal ganglion cells, the axon extends from the basal process of the progenitor (Zolessi et al., 2006) . Similarly, basal and apical processes of the progenitor transform into neurites in bipolar retinal cells (Morgan et al., 2006) . However, the polarization of cortical neurons is thought to be established de novo (Namba et al., 2015; Sakakibara and Hatanaka, 2015) . This raises the prevailing question on whether the cell polarity is always reset during the transitions from division, migration, and differentiation or whether some polarity features may be inherited. Our study brings new information on this question.
DRG sensory neurons are generated from a heterogeneous NCC precursor population, with some precursors dividing in the DRG to give rise to neurons in situ and others differentiating into neurons directly after completing their migration. Our analysis revealed that regardless of these different histories, cells generally traversed a morphologically non-polarized state prior to neurite initiation. However, in contrast to cortical neurons, DRG neurons that extend neurites did not form more than two processes. Although we could show that neurite formation is controlled at early stages in NCCs that differentiate after migration to the ganglia, it was not possible to determine with certainty whether the polarity of neurite initiation was inherited from the migration step. In contrast, our analysis revealed that NCC progenitors dividing to generate bipolar DRG neurons typically have two short processes before mitosis, and these processes are reformed at the same place by the daughter cells. Thus, although cells round up during division, by retracting their processes, their initial morphology is apparently memorized and transmitted to the daughter cells. This echoes intriguing early work conducted on cell lines, which noted inheritance of cell shapes over rounds of divisions (Solomon, 1979) . In addition, the second process is defined by the cytokinesis site, suggesting that, similarly to Drosophila, division polarity can direct neurite formation (Pollarolo et al., 2011) . All of this argues for the existence of a molecular polarity that stores morphological polarity features during the cell history.
Encoding Cell Morphologies in Septin Dynamics
Loss of morphological polarity prior to neurite initiation raises the question of whether and how polarity might be inherited despite previous stages of cell division and cell migration. One possible mechanism was that a molecular polarity cue is maintained over time. Our data show that Septin dynamics have the expected features required to transmit such a molecular memory. In agreement with this hypothesis, we found that Septin 7 is highly polarized in cells that are morphologically un-polarized. Remarkably, in dividing NCCs, a mark of Septin 7 is established at the sites in the soma where the progenitor processes locate before being retracted. Each daughter cell extends a process from the Septin 7 accumulations observed in cells that rounded for metaphase. Furthermore, Septin inhibition prevented the transmission of process initiation sites. Thus, Septin 7 marks where the progenitor processes were located in the soma and could support their reformation at the end of mitosis. We also found that Septins identify the bipolar process initiation sites of the DRG across shape remodeling events other than those associated with cell division. For example, when DRG neurons were experimentally induced to round up by Nocodazole-mediated microtubule disorganization, the cells re-grew processes at the exact same sites as they extended before retracting. Remarkably, this memory was erased by transient Septin inhibition, resulting in process reformation at sites different from the initial ones. How Septins are recruited to specific regions of the cell cortex during rounding up and how Septins allow morphological polarity transmission remain to be understood. Since Septins are present in the processes, one hypothesis could be that Septin oligomers are relocated from the retracting processes. Whether other mechanisms, such as the curvature-dependent association of Septins to the membrane recently evidenced and suggested to provide shape sensor to the cells (Bridges et al., 2016; Kang and Lew, 2017) , are also involved is not known. The control of membrane compartmentalization, cytoskeleton dynamics, or vesicular transport that Septins could orchestrate are all likely to promote process emergence (Hu et al., 2012; Nö lke et al., 2016; Song et al., 2016; Spiliotis and Gladfelter, 2012) .
Our work shows that the yeast-based educated guess provided strong candidates to study neuron polarity and further extend the conservation of polarization mechanisms between yeast and mammalian cells observed in other contexts (Etienne-Manneville, 2004) . The distribution and the functions of Septins that we discovered in sensory neurons exhibit some striking similarities to those in yeast, which argues for conservation of molecules encoding spatial memory during polarization. Whether other genes participating in yeast budding site selection have been retained for storing cell polarity features in vertebrates is intriguing, given that some of them, such as CDK5, PAK1, and RABP1, have already been implicated in neuronal polarity (Jacobs et al., 2007; Schwamborn and P€ uschel, 2004; Shah et al., 2017) .
Septins Mediate Bipolar Shape Memory Independently of the Cell Division Axis
Our study also establishes a function to Septins during cell division in vertebrates in vivo, as reported previously for invertebrates. We found that blocking Septins decreased the fraction of NCCs undergoing mitosis in the DRG ( Figure S3 ). Furthermore, we observed that cells entering mitosis exhibited abnormal accumulations of Septin 7 along the mitotic furrow and divided more slowly with an abnormal division axis. Interestingly, our finding that protrusion inheritance was equally impaired in NCCs having altered or normal division duration and axis. This indicates that the memory of process position persists even when the timing between process retraction and re-emission is extended. It also shows that the polarity controlling the cell division axis is not responsible for positioning the process emergence sites. This further supports that process re-initiation is coupled to the process retraction occurring during mitotic rounding.
The cell division phenotypes that we observed might appear subtle in comparison to the blockage of cytokinesis (Estey et al., 2010; Kouranti et al., 2006; Menon and Gaestel, 2015; Menon et al., 2014) and of progression from prophase to metaphase (Spiliotis et al., 2005; Zhu et al., 2008) observed after Septin knockdown in vitro. However, the contribution of Septins to cell division is now acknowledged to be cell type and context dependent (Founounou et al., 2013; Menon et al., 2014; Mujal et al., 2016) and also highly challenging to observe in vivo. In adult neuroepithelium of the Drosophila, Septins have been found to be required for cytokinesis completion during planar division of both epithelial cells and sensory organ precursors. In contrast, Septins are dispensable for cytokinesis completion for the subsequent orthogonal division of sensory organ precursors. Nevertheless, live imaging of orthogonal division revealed that cytokinesis is severely slowed in absence of Septins (Founounou et al., 2013) . Cellularization of early syncytial Drosophila embryo, which is analogous to cytokinesis, is achieved in absence of Septins but also proceeds more slowly (Mavrakis et al., 2014) . Thus, depending on the cellular contexts, the contribution of Septins to cytokinesis might differ. Thus possibly, Septin contributions to cell division in mammalian embryos might have been overlooked due to lack of live imaging approaches. For example, it would be interesting to know whether the embryonic lethality during somitogenesis (Menon et al., 2014) of mice embryos lacking the pivotal Septin 7 is due to impaired cell divisions.
Multiple Contributions of Septins during the Development of the Nervous System
Acute loss of functions demonstrated that Septins contribute to axon and dendrite branching as well as to synapse formation (Ageta-Ishihara et al., 2013; Cho et al., 2011; Hu et al., 2012; Tada et al., 2007; Xie et al., 2007) . Our data reveal additional contributions of Septins in the developing nervous system, which might have been obscured until now for technical reasons. Previous in vitro approaches consisting of knockdown at plating stages did not allow the downregulation of Septins at the time neurons initiate their neurites (Cho et al., 2011; Hu et al., 2012; Tada et al., 2007) . Electroporation-mediated loss of function of Septin 7 in cortical neurons in mouse embryos did not impair initial axon growth, but it is not known whether Septin 7 expression was already reduced when cortical neurons initiated their axons (Ageta-Ishihara et al., 2013) . Whether Septins have similar role in other neuronal polarity programs remains to be determined. The requirement for Septins could be cell sub-type specific. Indeed, the LKB1 pathway, which is crucial for axon formation in cortical neurons, was found to be dispensable for DRG neurons (Barnes and Polleux, 2009; Lilley et al., 2013) . However, Septins 4 and 14 are expressed in the developing cerebral cortex and were shown to alter the formation of migratory processes by cortical neurons and to block their migration (Shinoda et al., 2010) . Our results with cortical neurons indeed suggest that Septins regulate the polarity of neuron types other than the DRG neurons. First, we found that Septin inhibition impacted on the morphological transitions typically observed in cortical neuron cultures. This supported that Septins also contribute to the polarity program of cortical neurons. Nonetheless, cortical neurons recover their normal polarity program after transitory Septin inhibition. Putting aside technical considerations, this would indicate that either Septins are dispensable for cell shape memory or that cortical neuron polarization does not require cell shape storage. Indeed, the polarization of cortical neurons that are generated from intermediate progenitors is acknowledged to be established de novo during the multipolar to bipolar transition (Barnes and Polleux, 2009; Namba et al., 2015; Sakakibara and Hatanaka, 2015) . However, in vitro works suggest that although cells transit through an un-polarized morphology, their final polarization could be inherited from the early polarization determined during neurite initiation (Calderon de Anda et al., 2008; G€ artner et al., 2014; Honda et al., 2017) . Thus, whether some elements of the polarization are transmitted over morphological transitions would require close examination for each of the transitions, which are not recapitulated in these simplistic culture models.
Our work on DRG and cortical neurons also indicates that Septins contribute to stabilize processes after their emergence. Indeed, we observed that NCCs generate protrusions but fail to form neurites after Septin inhibition. Similarly, cortical neurons failed to form neurites but could generate actin-rich protrusions that are devoid of microtubules ( Figure S2E ). Both axon branches and neurite formation were shown to depend on microtubule invasion into actin-rich filopodia (Pacheco and Gallo, 2016) . In DRG neurons, Septin 7 was shown to promote microtubule entry into filopodia during axon branch formation (Hu et al., 2012) . Septin 7 appears to increase the splaying of microtubules and their fragmentation required for branches to form (Hu et al., 2012) . Septin 7 also favors collateral formation in cortical neurons by decreasing microtubule stability via HDAC6 Ageta-Ishihara et al., 2013) . In addition, in other contexts, Septin 7 can guide microtubule growth to promote process formation (Nö lke et al., 2016) . Whether the coding of cell shape by Septin7 also relies on microtubule dynamics remains to be determined. It is likely to involve mechanisms different to those underlying Septin-mediated neurite stability, because the defective memory of process location in NCCs occurs prior to further alterations of process stability in vivo and transient Septin inhibition in vitro affected shape memory without preventing neuritogenesis.
More generally, our work provides new insights into the intriguing question of cell shape memory. Cell shape anisotropy during interphase was shown to control spindle orientation after mitotic rounding (Minc and Piel, 2012) . In cancer cell lines, this control was shown in vitro to rely on the segregation of cortical markers that are established during interphase and maintained during cell rounding (Thé ry et al., 2006) . Cell shape memory was also recently suggested to bias decisions of zebrafish neural progenitors toward different neuronal fates. Moreover, the premitosis geometry of the progenitors was shown to control a polarization of the membrane determinant, Delta, suggested to be maintained during division (Akanuma et al., 2016) . Thus, cell shape memory is emerging as a fundamental mechanism contributing to a variety of biological contexts.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: graph was then performed using Scilab software. For the in vivo analysis, Sept7-GFP intensity was first measured during rounding for division. Briefly, the cell perimeter was outlined based on the RFP signal. GFP intensity within the two halves of round dividing cell was measured. This outline was used to measure on the next image the RFP signal in cells starting to protrude. Fluorescence intensities were normalized (%). Average GFP intensity was calculated in two regions. First, the region of the process emergence was defined as the one having RFP signal over 50%. Second, baseline level of fluorescence was measured in two flanking regions distant from half the width of the process, with total width similar to that of the process region.
For Nocodazole experiments, imaging was performed on Zeiss-observer microscope, using a 40X objective. Imaging started 20 min before addition of Nocodazole and ended 3 hr after dilution of Nocodazole and FCF or DMSO-containing medium. Analysis was performed on isolated cells, showing a complete retraction of their processes after Nocodazole treatment.
Randomization, Blinding, and Statistical Analyses Embryos were electroporated randomly. All animals that were at the correct stage of development and expressing the constructs in the lumbar region were included. For in vitro analyze, pharmacological treatment was applied randomly. Data collection and analyses were not performed blind except for FCF recovery experiments (fixed and live). Sample sizes and statistical significance are stated in each figure and figure legend. For each set of data, normality was tested and Student t or Mann-Witney test was performed when distribution was normal or not respectively. Statistical tests were performed using Prism 6 software and Biostat-TGV (CNRS). Chi-2 or Fisher's exact tests were performed for movie analysis of protrusion inheritance. FACS analysis was performed by performing chi-2 tests using the population comparison module of FlowJo.
